T (5NCCB 100521
T 5LMG 28452 T ) is the type strain.
Bdellovibrio-and-like organisms (BALOs) are Gram-negative bacteria that prey upon other Gram-negative bacteria. They exhibit a biphasic morphology consisting of a predatory phase and a non-predatory phase. During the predatory phase, a vibriod morphology with a polar flagellum is observed; during the non-predatory phase, the cellular morphology is highly variable Snyder et al., 2002) . These organisms are classified under the order Bdellovibrionales (Garrity et al., 2005) and, apart from their predatory abilities, they exhibit few common characteristics. A wide range of isolation sources, NaCl tolerance, cellular fatty acid composition, DNA G+C content, and antibiotic susceptibility has been observed. At the time of writing, six species assigned to four genera and three families have been described. The family Bdellovibrionaceae comprises Bdellovibrio bacteriovorus and Bdellovibrio exovorus. These bacteria were isolated from fresh water and exhibit a DNA G+C content ranging from 46.1 to 51.5 mol% (Stolp & Starr, 1963; Koval et al., 2013) . The family Bacteriovoracaceae includes Bacteriovorax marinus and Bacteriovorax litoralis. Species of the genus Bacteriovorax differ from species of the genus Bdellovibrio in a variety of characteristics (Baer et al., 2000) . The most notable phenotypic difference between the families Bacteriovoracaceae and Bdellovibrionaceae is the requirement of NaCl for growth by species of the genus Bacteriovorax (Baer et al., 2004) . The most notable genotypic differences are that species of the genus Bacteriovorax have a lower DNA G+C content (37.7-38.3 mol%), and two key variations in their 16S rRNA secondary structure. Helices formed starting at nucleotide positions 195 and 451 (according to Escherichia coli numbering) are substantially longer in species of the genus Bacteriovorax than in species of the genus Bdellovibrio ( Fig. 5 ) (Davidov & Jurkevitch, 2004; Piñeiro et al., 2008) . The most recently described family, Peredibacteraceae, contains two species, Peredibacter starrii and Bacteriolyticum stolpii (Seidler et al., 1972; Piñeiro et al., 2008) . Based on phylogenetic analysis of the 16S rRNA gene, this family of bacteria demonstrates a closer association with species of the genus Bacteriovorax than species of the genus Bdellovibrio; however, these bacteria do not require NaCl for growth, and have a higher DNA G+C content (41.8-43.5 mol%) than species of the genus Bacteriovorax. This study compared the available phenotypic, genotypic and chemotaxonomic data on characterized BALOs and proposes the addition of a novel family, Pseudobacteriovoracaceae fam. nov., to accommodate the novel genus and species Pseudobacteriovorax antillogorgiicola sp. nov. for strain RKEM611
T .
Samples of Antillogorgia elisabethae were collected aseptically at a depth of 12 m by scuba diving off the coast of San Salvador, The Bahamas in November 2011. The samples were washed three times in sterile filtered seawater (0.2 mm polyethersulfone membrane; Nalgene Rapid Flow) and homogenized. Serial dilutions of the homogenate were plated onto marine agar 2216 (MA; BD Difco). Plates were incubated at 22 u C and strain RKEM611 T was isolated within one week of initial plating. The strain was grown in marine broth 2216 (MB; BD Difco) for 24 h at 30 uC with agitation at 250 r.p.m., and preserved in 25 % (v/v) glycerol at 280 uC.
The Gram reaction was determined using a Gram stain kit (BD Difco). Cell morphology was examined using a phasecontrast microscope (Leica DME; EC3 Microsystem), and transmission electron microscopy (Hitachi BioTEM 7500; Nissei-Sangyo). For transmission electron microscopy, cells were fixed with 2 % (v/v) glutaraldehyde in sterile filtered seawater and stained with either 5 % (w/v) uranyl acetate in sterile filtered seawater or 1 % (w/v) sodium phosphotungstate in distilled water. Transmission electron micrographs were obtained using a digital camera (AMT XR40; Advance Microscopy Techniques).
The optimal pH, salinity, and temperature growth ranges were determined by measuring turbidity (OD 6oo ) of broth cultures using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies). All growth studies were conducted in broth culture medium with agitation at 250 r.p.m. for 3 days and performed in triplicate. The optimal pH range was determined in MB using the following buffers: pH 3.0-4.0, glycine/HCl; pH 4.0-8.0, citrate/Na 2 HPO 4 ; pH 6.0-8.0, phosphate buffer; pH 9.0-11, glycine/NaOH. Growth was tested at intervals of 1.0 pH unit. The pH was adjusted prior to sterilization, and verified after sterilization prior to inoculation, and again after the growth experiment. The optimal salinity range was determined in NaCl-free MB prepared according to the manufacturer's recipe (BD Difco), and NaCl was supplemented into the medium at 0, 0.5 and 1-10 % (w/v) in increments of 1 %. Both optimal salinity and pH growth ranges were determined at 30 u C. The optimal temperature was determined in MB at 4, 15, 22, 30, 37 and 45 u C. All media used to determine optimal growth conditions were filtered prior to inoculation to remove particulates (0.2 mm polyethersulfone membrane; Nalgene Rapid Flow). A comparison of optimal growth conditions for characterized BALOs is provided in Table 1 . Anaerobic and microaerophilic cultivation was tested on MA at 30 u C using a gas-generating and pouch system (BD GasPak EZ; BD Difco).
Analysis of DNA G+C content, fatty acid methyl esters (FAMEs), and respiratory quinones was carried out by the identification services of the DSMZ (Braunschweig, Germany). Biomass for analysis was obtained from cells in the stationary phase of growth after 48 h in MB at 30 u C with agitation at 250 r.p.m. The DNA G+C content was determined by HPLC using the method described by Mesbah et al. (1989) . Predominate FAMEs were determined by saponification, methylation and extraction of the biomass using the method of Miller (1982) with minor modifications. The FAME mixtures were separated using a Sherlock Microbial Identification System (MIS; MIDI) (Sasser, 1990) . A comparison of DNA G+C and FAME content of characterized BALO is provided in Table 1 . Respiratory quinones were extracted with methanol/ hexane, followed by a phase extraction into hexane, as described by Tindall (1990a, b) .
Oxidase and catalase activities were determined using commercially available reagent stains and droppers (BD Difco). Enzymic activity and carbon utilization were determined using API ZYM (bioMérieux), API NE 20 (bioMérieux), GN2 MicroPlates (Biolog) and API CH (bioMérieux) kits. The API ZYM strips were read after 4 h at 37 u C and the API NE 20 strips and GN2 MicroPlates were read after 24 and 48 h at 30 u C. For API CH, CHB/E medium was used and the strips were read after 24 and 48 h at 30 u C. The tests were performed according to the manufacturers' recommendations, with the exception that the final NaCl concentration of the suspension medium for the API NE 20, MicroPlate GN2 and API CH kits was adjusted to 2 % (w/v) NaCl.
Antibiotic susceptibility was determined using a disc diffusion method (Bauer et al., 1966) . Strain RKEM611
T was grown in MB at 30 u C with agitation at 250 r.p.m. for 24 h, after which the optical density of the culture was standardized to a 0.5 McFarland standard and spread onto MA plates. Discs containing the following antibiotics were tested: meticillin (5 mg), ampicillin (20 mg), kanamycin (30 mg), novobiocin (30 mg), penicillin G (10 mg), streptomycin (10 mg), nalidixic acid (5 mg), vancomycin (30 mg), neomycin (30 mg) and gentamicin (10 mg). Inhibition zones were observed after 48 h at 30 u C and zones ¢2 mm were scored as susceptible. A comparison of the antibiotic profiles of characterized BALO is provided in Table S1 , available in the online Supplementary Material.
Predatory behaviour of RKEM611
T was assessed using the double-layer agar plaque-forming assay with slight variations from previously described methods (Stolp & Starr, 1963; Marbach et al., 1975; Williams & Falkler, 1984) . Gram-negative bacteria that were isolated from the same octocoral as RKEM611
T , and that belonged to a taxonomic genus that had been previously shown to be capable of infection, were used as potential prey (Chen et al., 2012) . All isolates were grown in MB at 30 uC with agitation at 250 r.p.m. for 24 h. Culture turbidity was measured on a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies) and adjusted to give an OD 600 of 0.04-0.06 (1 mm pathlength) prior to plating. Three plating techniques were performed; all used MA as the bottom layer and saline soft agar as the top layer [0.7 % (w/v) agar, 2 % (w/v) NaCl]. All plating techniques were performed in triplicate. Samples were plated with either potential prey bacteria on the bottom layer and RKEM611 in the top layer, or RKEM611 on the bottom layer and potential prey bacteria in the top layer, or equal amounts of both RKEM611 and potential prey bacteria in the top layer. Plates were incubated at 30 u C for 14 days and plaque formation was assessed every 24 h.
For phylogenetic analysis, genomic DNA was extracted using the UltraClean Microbial DNA Isolation kit (MoBio Laboratories) from cells grown in MB at 30 u C with agitation at 250 r.p.m. for 2 days. All PCR mixtures consisted of a 16 concentration of EconoTaq PLUS GREEN 26 master mix (Lucigen), 1.0 mM of each primer, 5 % (v/v) DMSO, and 40 ng of template DNA. PCR amplification of the 16S rRNA gene was achieved using the universal eubacterial 16S rRNA gene primers pA (59-AGAGTTTGATCCTGG-CTCAG-39) and pH (59-AAGGAGGTGATCCAGCC-39) (Edwards et al., 1989) . These primers, in addition to 530R (59-GTATTACCGCGGCTGCTG-39) (Manefield et al., 2002) , 514F (59-GTGCCAGCASCCGCGG-39), 936R (59-GGGG-TTATGCCTGAGCAGTTTG-39) (Gontang et al., 2007) and 1114F (59-GCAACGAGCGCAACCC-39) (Lane, 1991) were used to sequence the nearly full-length 16S rRNA gene. PCR amplification of a region of the b-subunit of the RNA polymerase (rpob) for nucleotides 2073 to 3315 (according to Bacteriovorax marinus SJ numbering) was carried out as previously described (Piñeiro et al., 2008) . Both the forward and reverse primers were used to sequence the rpob amplicon. Sequencing was performed by Eurofins MWG Operon (Huntsville, AL, USA). Sequences were trimmed and assembled using Vector NTI Advance (Invitrogen, Life Technologies) (16S rRNA, 1466 bp; rbob, 1135 bp), and compared with available sequences in the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1997) . Multiple sequence alignments were prepared using MEGA version 6 (Tamura et al., 2013) . Phylogenetic histories were inferred using maximum-parsimony (Eck & Dayhoff, 1966) , minimum-evolution (Rzhetsky & Nei, 1992) and neighbour-joining methods (Saitou & Nei, 1987) . The topologies for all phylogenetic trees reconstructed using the 16S rRNA and rpob sequences were consistent. Evolutionary distance matrices were generated using the (Seidler et al., 1972; Baer et al., 2000) ; 5, Peredibacter starrii A3.12 T (Seidler et al., 1972; Baer et al., 2000) ; 6, Bdellovibrio bacteriovorus 109J T Baer et al., 2004 Jukes-Cantor method (Jukes & Cantor, 1969) in units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated. Bootstrap analysis was based on 1000 resampled datasets (Felsenstein, 1985) . The maximum-parsimony trees were reconstructed using the subtree-pruning-regrafting algorithm with search level 1, in which the initial trees were obtained by the random addition of sequences. The minimum-evolution trees were searched using the close-neighbour-interchange algorithm (Nei & Kumar, 2000) at a search level of 1. The final datasets of the 16S rRNA and rpob sequences consisted of 1150 and 973 nt positions, respectively.
Analysis of 16S rRNA secondary structures was achieved through alignment of BALO 16S rRNA genes to E. coli sequence (J01695.2) using MEGA version 6 (Tamura et al., 2013) . Computational investigation of mRNA folding was achieved using MFOLD (Zuker, 2003) .
Phenotypic analysis of RKEM611 T revealed characteristics consistent with those of other BALOs Snyder et al., 2002) . The strain was Gram-stainnegative, an obligate aerobe, and exhibited a biphasic morphology. Cells were either vibrioid with a single polar flagella (0.4-0.6 mm in diameter and 1.0-2.0 mm in length), or filamentous with no flagella (0.4-0.6 mm in diameter and 1.0-25.0 mm in length) (Fig. 1) . Predatory behaviour was observed via the formation of plaques in confluent lawns of Pseudoalteromonas sp. RKEM680 (KJ719255). This activity was observed when RKEM611
T was plated on the bottom layer of the double-layer agar and Pseudoalteromonas sp. RKEM680 on the top layer. However, after subsequent transfers on solid media, RKEM611
T appeared to lose predatory activity against Pseudoalteromonas sp. RKEM680 Marbach et al., 1975) . No predatory behaviour was observed against any of the other bacterial isolates that were used as potential prey. While these phenotypic characteristics are common to all BALOs, the requirement of NaCl for growth of RKEM611 T aligned this bacterium most closely with the family Bacteriovoracaceae.
BLASTN analysis of the 16S rRNA gene revealed low sequence similarity to any taxa within the order Bdellovibrionales, the highest being Bacteriovorax marinus (82 %). Higher sequence similarities were observed between RKEM611
T and various taxa within the class Deltaproteobacteria, such as Geobacter psychrophilus (85 %) and Desulfovibrio senezii (83 %). Comparable sequence similarities were also observed with taxa within the class Alphaproteobacteria, such as Neptuniibacter caesariensis (84 %) and Psychromonas macrocephali (83 %). Based on the evolutionary distance and phylogenetic relationship computed by the Jukes-Cantor distance model and neighbour-joining method, RKEM611
T clustered within the class Deltaproteobacteria and demonstrated a closer association with members within the order Bdellovibrionales than any other order within the class Deltaproteobacteria (Fig. 2) . However no strong association with any family within the order was observed.
A previous study by Piñeiro et al. (2008) examined variations in the rpob gene of BALOs. These researchers found that there was greater nucleotide variation when compared with the 16S rRNA gene, and that this variation allowed for a narrower delineation of phylogenetic groups within BALOs. Like phylogenetic analysis employing the 16S rRNA gene, analysis of the RKEM611 T rpob gene placed the strain within the Bdellovibrionales but did not reveal a strong association with any family (Fig. 3) . 
Marinobacterium sediminicola CN47 T (EU573966)
Ectothiorhodospira shaposhnikovii N1 T (FR733667)
Xanthomonas oryzae YK9 T (X95921)
Aquaspirillum putridiconchylium ATCC 15279 T (AB076000)
Thiobacillus aquaesulis DSM 4255 T (U58019)
Collimonas fungivorans Ter6 T (AJ310394)
Methylobacillus glycogenes T-11 T (FR733701)
Magnetococcus marinus MC-1 T (NR074371)
Acidomonas methanolica MB58 T (X77468)

Oceanicola granulosus HTCC2516 T (AY424896)
Caulobacter segnis MBIC2835 T (AB023427)
Shinella yambaruensis MS4 T (AB285481)
Bdellovibrio bacteriovorus HD100 T (AJ292759)
Bdellovibrio exovorus JSS T (EF687743)
Peredibacter starrii A3.12 T (AF084852)
Bacteriolyticum stolpii Uki2 T (AJ288899)
Bacteriovorax litoralis JS5 T (AF084859)
Bacteriovorax marinus SJ T (AF084854)
Nautilia profundicola AmH T (AF357197)
Thioreductor micantisoli DSM 16661 T (AB175498)
Arcobacter cibarius LMG 219996 T (AJ607391)
Helicobacter acinonychis 90-119 T (M888148)
Desulfobacterium autotrophicum DSM 3382 T (AF418177)
Desulfomicrobium thermophilum P6.2 T (AY464939)
Desulfovibrio senezii CVL T (AF050100)
Desulfacinum infernum BiG1 T (L27426)
Desulforhabus amnigena ASRB1 T (X83274)
Desulfovirga adipica TsuA1 T (AJ237605)
Desulfobacca acetoxidans ASRB2 T (AF002671)
Desulfarculus baarsii DSM 2075 T (NR041850)
Syntrophorhabdus aromaticivorans UI T (AB212873)
Jahnella thaxteri PI t4 T (GU207876)
Nannocystis pusilla Na p29 T (FR749907)
Archangium gephyra DSM 2261 T (DQ768106)
Cystobacter badius Cb b2 T (DQ768108)
Myxococcus fulvus ATCC 25199 T (DQ768117)
Geobacter metallireducens GS-15 T (L07834)
Geobacter pelophilus Dfr2 T (U96918)
Pelobacter propionicus in helices at nucleotide positions 195 and 451 to those of members of the families Bacteriovoracaceae and Peredibacteraceae; however, it differs from all other BALOs by having a substantially shorter helix starting at nucleotide position 180. These variations in secondary structure further demonstrate that RKEM611 T has no strong association with any particular family within the order Bdellovibrionales.
Based on the phenotypic similarities observed between RKEM611
T and other BALOs, it is clear that the strain is a member of the order Bdellovibrionales. However, based on the phylogenetic distance observed between the 16S rRNA genes and the variations in their secondary structures, the strain represents a member of a novel family. The names Pseudobacteriovoracaceae fam. nov. and Pseudobacteriovorax antillogorgiicola gen. nov., sp. nov., are proposed.
Description of Pseudobacteriovorax gen. nov.
Pseudobacteriovorax (Pseu.do.bac.te.ri.o.vo9rax. Gr. adj. pseudês false; N.L. masc. n. Bacteriovorax a bacterial genus name; N.L. masc. n. Pseudobacteriovorax false Bacteriovorax).
Consists of Gram-stain-negative bacteria that are capable of predation on other Gram-negative bacteria. The description of this genus is the same as that of the type strain and only species in the genus, Pseudobacteriovorax antillogorgiicola. Pseudobacteriovoracaceae (Pseu.do.bac.te.ri.o.vo.ra.ca.ce9ae. N.L. masc. n. Pseudobacteriovorax a bacterial genus; suff.
-aceae ending to denote a family; N.L. fem. pl. n. Pseudobacteriovoracaceae the Pseudobacteriovorax family).
The description of the family Pseudobacteriovoracaceae is based on the description of the genus Pseudobacteriovorax from the data of this study. The family consists of Gramstain-negative, obligate aerobes, which exhibit a biphasic * * * * * * * * * * * * * * * * * * lifestyle. Secondary structure of the 16S rRNA reveals longer helices starting at nucleotide positions 195 and 451 (according to E. coli numbering), as observed in the family Bacteriovoracaceae, but a shorter helix at nucleotide position 180. The type genus is Pseudobacteriovorax.
